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ABSTRACT
A line-depth ratio (LDR) of two spectral lines with different excitation potentials
is expected to be correlated with the effective temperature (Teff). It is possible to de-
termine Teff of a star with a precision of tens of Kelvin if dozens or hundreds of tight
LDR–Teff relations can be used. Most of the previous studies on the LDR method were
limited to optical wavelengths, but Taniguchi and collaborators reported 81 LDR re-
lations in the Y J-band, 0.97–1.32 µm, in 2018. However, with their sample of only 10
giants, it was impossible to account for the effects of surface gravity and metallicity
on the LDRs well. Here we investigate the gravity effect based on Y J-band spectra
of 63 stars including dwarfs, giants, and supergiants observed with the WINERED
spectrograph. We found that some LDR–Teff relations show clear offsets between the
sequence of dwarfs and those of giants/supergiants. The difference between the ion-
ization potentials of the elements considered in each line pair and the corresponding
difference in the depths can, at least partly, explain the dependency of the LDR on
the surface gravity. In order to expand the stellar parameter ranges that the LDR
method can cover with high precision, we obtained new sets of LDR–Teff relations for
solar-metal G0–K4 dwarfs and F7–K5 supergiants, respectively. The typical precision
that can be achieved with our relations is 10–30 K for both dwarfs and supergiants.
Key words: stars: fundamental parameters – (stars:) supergiants – infrared: stars –
techniques: spectroscopic
1 INTRODUCTION
Determining stellar parameters, especially the effective tem-
perature (Teff), is a fundamental part of the analysis of stel-
lar spectra. There are several methods of determining Teff .
For example, often used in recent large projects is search-
ing for the synthetic spectrum with the optimised stellar
parameters, including Teff , that matches an observed spec-
? E-mail: mingjie@astron.s.u-tokyo.ac.jp
trum best (e.g., with the ASPCAP, the pipeline used by the
Apache Point Observatory Galactic Evolution Experiment,
or APOGEE, survey; Garc´ıa Pe´rez et al. 2016; Majewski
et al. 2017). Fitting synthetic spectra to observed ones is
usually performed with one or more wide spectral ranges
that include features sensitive to different stellar parameters
such as abundances of various elements. Therefore, many
parameters need to be determined simultaneously, which in-
creases the computational load and the chance and degree of
degeneracy between various parameters. Another approach
© 2020 The Authors
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is to use empirical relations between Teff and observational
indices such as photometric colours (e.g., Huang et al. 2015)
and the Hα index (e.g., Joner & Hintz 2015). Measuring
such indices is usually simple and does not require a large
amount of computational resource.
Here we focus on line-depth ratios (LDRs) and LDR–Teff
relations. Spectral lines with different excitation potentials
(EPs) have different sensitivity to Teff , which provides the
possibility to use them for determining Teff . Having a large
number of well-calibrated LDR–Teff relations allows us to
achieve high precision of the final Teff . One of the advantages
of the LDR method is that the relations are empirically cal-
ibrated and are not directly affected by uncertainties in stel-
lar models and those in the list of absorption lines. It is still
possible that the calibration data include systematic errors,
but the relations can be easily improved once better (more
precise and robust) effective temperatures of the calibrat-
ing stars become available. Following the pioneering studies
of Gray (1989) and Gray & Johanson (1991), more than a
hundred LDR relations were obtained for stars of different
luminosity classes separately: dwarfs (Kovtyukh et al. 2003,
2004), giants (Strassmeier & Schordan 2000; Gray & Brown
2001; Kovtyukh et al. 2006a,b), and supergiants (Kovtyukh
et al. 1998; Kovtyukh & Gorlova 2000; Kovtyukh 2007). The
uncertainties of the final Teff in the previous studies range
from 5 to 30 K at best cases.
Most previous works on the LDR method, like those
mentioned above, have been done with optical spectra
mostly shorter than 0.8 µm. Sasselov & Lester (1990) ex-
tended the application to the infrared range by investigat-
ing a few lines of C i and Si i in the Y band (around 1.1 µm).
Recently, about a dozen of line pairs in the H-band (1.51–
1.70 µm) and 81 line pairs in the Y J-band (0.97–1.32 µm)
were found to give tight LDR–Teff relations as reported by
Fukue et al. (2015), Jian et al. (2019), and Taniguchi et al.
(2018, hereafter T18).
The metallicity and surface gravity of a star can also af-
fect the line depths and LDRs, and thus the effects of these
parameters need to be understood and taken into account.
The metallicity effect on LDR relations was first detected by
Taylor (1994), and Gray (1994) suggested that it is caused by
the saturation of absorption lines. Using only weak lines to
avoid the saturation is expected to be useful in reducing the
metallicity effect (Gray 1994; Kovtyukh & Gorlova 2000).
Recently, Jian et al. (2019) clearly detected the metallicity
effect on the H-band LDRs using the spectra of red giants
observed in APOGEE. They found that the high-EP line, at
least, of every line pair investigated is saturated in a wide
metallicity range ([Fe/H] > −1 dex); therefore, the metallic-
ity effect cannot be eliminated by the approach mentioned
above at least for their relations. Jian et al. (2019) thus in-
troduced metallicity- and abundance ratio-dependent terms
to their LDR relations. On the other hand, the gravity ef-
fect was discussed, e.g., in Catalano et al. (2002) and Biazzo
et al. (2007). They obtained linear relations between the
residuals with respect to fiducial LDR–Teff relations and the
gravity indices (log g and absolute magnitude offset from the
zero-age main sequence). Then, their relations give gravity-
corrected LDRs that can be used to estimate Teff of stars in
a broad range of log g.
In this paper, we first compare the LDR relations of
dwarfs, giants, and supergiants for the line pairs found by
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Figure 1. Parameters of our target sample on (a) the log g–Teff
plane (Kiel diagram), and (b) the Teff–[Fe/H] plane.
T18 to investigate the gravity effect. The Y J-band spectra
of 63 stars were obtained with WINERED (Warm INfrared
Echelle spectrograph to Realize Extreme Dispersion and sen-
sitivity; Ikeda et al. 2016), the same instrument used in
T18. We then present two sets of new LDR–Teff relations in
the Y J-band, one for dwarfs and the other for supergiants.
Our sample consists of stars with metallicity within 0.2 dex
around the solar, and thus the metallicity effect is expected
to be small if any.
The python package we used for measuring line depths
and LDRs and for deriving Teff is provided as Supporting
Information and also on the web1.
2 DATA AND ANALYSIS
2.1 Targets and observations
We use the Y J-band spectra of 20 dwarfs, 25 giants, and
18 supergiants taken with WINERED. They were observed
with the WIDE-mode giving the resolution of around 28,000.
The spectra between 0.91 and 1.35 µm are covered with 20
echelle orders (from 42nd to 61st). The observations were
carried out with the 1.3 m Araki Telescope at Koyama Ob-
servatory, Kyoto Sangyo University in Japan from July 2015
to May 2016. A part of the spectra of giants and supergiants
were used in Matsunaga et al. (2019) to identify absorption
lines of neutron-capture elements.
1 https://github.com/MingjieJian/ir_ldr
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Table 1. Stellar parameters of the dwarfs in our sample together with the mean S/N of the objects (Obj) and the telluric standards
(Tel) described in Section 2.2 and the observation dates. The first 10 lines are presented, and the full table is available as Supporting
Information.
Object Teff [Fe/H] log g S/N Obs. Date
(K) (dex) (dex) Obj Tel
HD219134 4900 ± 7.9[2] 0.10[2] 4.20[2] 681 532 2015.10.25
HD10476 5242 ± 3.2[2] 0.00[2] 4.30[2] 314 513 2015.10.31
HD101501 5558 ± 6.1[2] 0.02[2] 4.50[2] 494 309 2016.01.26
HD114710 5954 ± 6.8[2] 0.12[2] 4.30[2] 556 309 2016.01.26
HD115383 6012 ± 9.3[2] 0.16[2] 4.30[2] 541 309 2016.01.26
HD117176 5611 ± 4.7[1] −0.10[3] 3.86[3] 488 309 2016.01.26
HD137107 6037 ± 6.9[2] 0.05[2] 4.30[2] 522 309 2016.01.26
HD143761 5865 ± 11.1[2] −0.06[2] 4.30[2] 474 309 2016.01.26
HD102870 6055 ± 6.8[2] 0.18[2] 4.00[2] 355 578 2016.01.27
HD72905 5884 ± 6.8[2] −0.02[2] 4.40[2] 481 524 2016.01.27
HD122064 4937 ± 8.1[2] 0.12[2] 4.50[2] 402 452 2016.02.03
References: 1. Kovtyukh et al. (2003); 2. Kovtyukh et al. (2004); 3. Lee et al. (2011).
Table 2. Stellar parameters of the giants in our sample together with the mean S/N of the objects (Obj) and the telluric standards (Tel)
described in Section 2.2 and the observation dates. We adopted Teff from Kovtyukh et al. (2006b) and other parameters as indicated in
the table. The first 10 lines are presented, and the full table is available as Supporting Information.
Object Teff [Fe/H] log g S/N Obs. Date
(K) (dex) (dex) Obj Tel
HD11559 4977 ± 7.4 0.16[4] 3.23[4] 481 598 2015.10.23
HD27348 5003 ± 6.1 0.05[2] 2.75[2] 555 305 2015.10.25
HD27697 4975 ± 7.6 0.12[2] 2.64[2] 516 305 2015.10.25
HD28292 4453 ± 9.0 −0.08[4] 2.81[4] 523 305 2015.10.25
HD28305 4925 ± 8.7 0.20[3] 2.72[3] 414 305 2015.10.25
HD198149 4858 ± 8.1 −0.19[3] 3.29[3] 275 304 2015.10.26
HD25604 4764 ± 7.4 0.07[4] 2.73[4] 335 403 2015.10.28
HD27371 4960 ± 8.1 0.15[3] 2.76[3] 445 403 2015.10.28
HD48433 4471 ± 7.8 −0.16[3] 2.10[3] 302 403 2015.10.28
HD76813 5060 ± 5.5 −0.06[3] 2.63[3] 529 403 2015.10.28
References: 1. Park et al. (2013); 2. Liu et al. (2014); 3. Prugniel et al. (2011); 4. da Silva et al. (2015).
Table 3. Stellar parameters of the supergiants together with the mean S/N of the objects (Obj) and the telluric standards (Tel) described
in Section 2.2 and the observation dates. We adopted Teff from Kovtyukh (2007) and other parameters as indicated in the table. The
first 10 lines are presented, and the full table is available as Supporting Information.
Object Teff [Fe/H] log g S/N Obs. Date
(K) (dex) (dex) Obj Tel
HD194093 6202 ± 11.5 0.05[1] 1.35[1] 348 304 2015.10.26
HD204867 5466 ± 7.4 0.03[1] 1.54[1] 429 885 2015.10.26
HD26630 5337 ± 6.6 0.09[1] 1.74[1] 387 403 2015.10.28
HD37536 3918 ± 76.2 0.13[3] 0.52[3] 449 403 2015.10.28
HD48329 4510 ± 10.8 0.12[3] 0.92[3] 460 403 2015.10.28
HD52005 3954 ± 37.6 0.13[3] 0.78[3] 408 403 2015.10.28
HD206778 4108 ± 30.1 0.11[3] 0.84[3] 415 513 2015.10.31
HD31910 5441 ± 10.1 −0.01[1] 1.57[1] 310 513 2015.10.31
HD3421 5302 ± 10.1 −0.20[2] 1.88[2] 209 513 2015.10.31
HD9900 4529 ± 15.6 0.19[1] 1.35[1] 272 513 2015.10.31
References: 1. Luck (2014); 2. Liu et al. (2014); 3. Lee et al. (2011).
The target stars were selected from the catalogues of
Kovtyukh et al. (2003, 2004, 2006b) and Kovtyukh (2007).
Kovtyukh and collaborators determined Teff of a large num-
ber of stars based on ∼ 100 optical LDR–Teff relations for
dwarfs, giants, and supergiants with the precision around
10 K. The catalogues of Kovtyukh et al. (2003, 2006b) and
Kovtyukh (2007) do not provide [Fe/H] and log g, and we
adopted the metallicities and log g of the objects from other
studies as listed in Table 1–3. Fig. 1 plots the stellar parame-
ters of our sample. The dwarfs occupy a narrow gravity range
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on the Kiel diagram at around log g ≈ 4.2 dex, and their Teff
range from 4000 to 6000 K. The giants are distributed along
the red giant branch with a clump at around Teff = 5000 K.
Some of the stars at the clump may actually be red clump
stars at the central helium burning phase, but they are all
treated as the same group of giants in the following analy-
sis. The supergiants are spread between 4000 and 6100 K in
Teff and between 0.5 and 2.0 dex in log g. To minimize the
metallicity effect, we limited the metallicity of our sample
to around the solar (−0.2 < [Fe/H] < 0.2) as illustrated in
Fig. 1(b).
2.2 Spectral reduction
The raw spectral data of the observed stars were first re-
duced by the pipeline developed by the WINERED team
(Hamano et al. in preparation). Every star was observed
with more than one exposures, and the multiple spectra of
each order were combined by the pipeline with their relative
wavelength offsets2, if any, corrected. The pipeline outputs
the normalised spectra along with supplementary informa-
tion such as the signal-to-noise ratio (S/N) estimates. The
mean S/N of the orders 43rd–48th and 52nd–57th for each
star and the counterpart for the telluric standard star are
listed in Table 1–3. The telluric correction was then per-
formed using the spectra of telluric standard stars with their
intrinsic spectral lines removed according to the method of
Sameshima et al. (2018). The orders 42nd, 49th–51st, and
58th–61st are seriously affected by the telluric absorption.
They were not used by T18 for establishing the LDR rela-
tions, and thus we also excluded these orders. In contrast,
the telluric absorption in the orders of 53rd and 54th is weak
and no telluric correction was applied to them. Since the
continuum level of a telluric-corrected spectrum is often bi-
ased from the unity, the continuum normalisation using the
IRAF continuum task was applied to each order of the
spectra after the telluric correction. Finally, we corrected
wavelength shifts of all the individual orders of the telluric
corrected spectra separately to place stellar lines at the rest
wavelengths in the standard air. Examples of dwarf and su-
pergiant spectra from the order 52nd, before and after tel-
luric correction, are presented in Fig. 2. Throughout this
paper, we use air wavelengths rather than vacuum wave-
lengths.
2.3 Line depth measurements
The line depths were measured as follows (see Jian et al.
2019 for more details). For each line, 4 or 5 pixels around the
centre were fitted by a parabola, and we took the distance
between the minimum of the parabola and the continuum
(1 in the normalised flux scale) as the depth. We excluded
the line depths if the fitting was bad or if the position of the
minimum was offset from the line centre by more than 0.2 A˚.
We note that the measurements tend to fail when the lines
get too shallow, often, in stars with higher temperature. The
2 The wavelength shifts are, at least partly, due to the instability
of the instrument caused by varying ambient temperature, and
we made an instrumental upgrade to minimize such shifts in late
2016.
error of a line depth was derived considering the S/N of each
order (not the mean S/N given in Table 1–3). For the orders
of 53rd and 54th, the S/N of the object spectrum give the
error, etotal = eObj = (S/NObj)−1. In case of the other orders
for which the telluric correction was made, the error caused
by the telluric spectrum, eTel = (S/NTel)−1 is added in the
quadrature to give etotal = (e2Obj + e2Tel)1/2. The relative errors
(error divided by depth) were around 10 per cent or less for
most of the depths measured. We then calculated the LDR
and its error for each line pair.
3 GRAVITY EFFECT ON LDR RELATIONS
In this section, we compare the depths and LDRs of dwarfs,
giants, and supergiants to study the gravity effect on the T18
LDR–Teff relations. The line pair IDs used in this section are
adopted from the tables 4 and 5 in T18 and prefixed by ‘T’.
The trends of the LDRs for giants seen in our dataset are
consistent with the LDR–Teff relations in T18. However, we
found that the distributions on the LDR–Teff diagram show
systematic offsets between the three groups of luminosity
class for some line pairs while the offsets are not significant
for others.
In the following discussion, we first limit ourselves to
the LDRs whose lines are not significantly blended with
other lines and discuss the gravity effect on such LDRs.
Whilst the LDRs affected by some line blends still show
tight relations with Teff , it is important to understand
how the gravity affects the lines of LDR pairs themselves.
In order to evaluate the degrees of line blends of the
T18 line pairs, we considered a set of synthetic spectra
with (Teff, log g) = (4500, 1.0), (4500, 2.5), (5000, 1.5), (5000, 2.5),
and (5000, 4.0). The spectral synthesis was performed using
MOOG (a code that performs LTE line analysis and spec-
trum synthesis, Sneden et al. 2012) with the Vienna Atomic
Line Database (VALD3 line list; Ryabchikova et al. 2015)
and the ATLAS9 stellar models from Me´sza´ros et al. (2012).
We considered the ratio d−syn/dsyn where dsyn and d−syn in-
dicate the depths in the synthetic spectra with the target
line included and excluded. The ratio becomes 0 if the tar-
get line explains the total absorption completely (i.e., free of
blends). We selected the line pairs, as those unblended, whose
d−syn/dsyn does not reach 0.3 at any of the above (Teff, log g).
We present the measurements of the gravity effect on such
60 unblended LDRs and discuss its cause in Section 3.1. In
contrast, we found that the following 21 pairs include line(s)
with significant blends: (T2), (T3), (T4), (T6), (T7), (T8),
(T14), (T17), (T18), (T25), (T35), (T45), (T46), (T49),
(T50), (T52), (T55), (T56), (T59), (T65), and (T78). We
briefly discuss how the gravity can affect the blended LDRs
in Section 3.2.
3.1 The gravity effect seen in unblended LDRs
Many of the 60 line pairs without the significant blends show
the offsets of LDR-Teff relations between the three groups
of luminosity class. We estimated the offsets between the
LDR–Teff relations of dwarfs, giants, and supergiants for
each unblended line pair presented in T18 as follows. Linear
LDR–Teff relations were fitted separately for dwarfs, giants,
MNRAS 000, 1–12 (2020)
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Figure 2. Examples of dwarf and supergiant spectra. Sections of the telluric-corrected and original spectra from the order 52nd are
coloured in blue and grey. The low-EP and high-EP lines in the dwarf and supergiant line pairs (obtained in Section 4) are marked with
solid and dashed vertical lines, respectively.
and supergiants. Then, we calculated offsets of these rela-
tions, ∆ log LDR, at Teff = 5000 K (for the dwarf–giant and
dwarf–supergiant pairs) or 4500 K (for the giant–supergiant
pairs). The ∆ log LDR values are listed in Table 4 and plotted
against the differences in the ionization potentials of the el-
ements involved, ∆χ ≡ χ(Xlow)− χ(Xhigh), in Fig. 3, in which
the line pairs with the ∆ log LDR error larger than 0.2 are
not included. The ∆ log LDR values of the dwarf–supergiant
and dwarf/giant pairs are correlated with ∆χ, but those of
the giant–supergiant pairs are concentrated around zero.
In order to understand how the offsets appear (or not),
we use synthetic spectra to compare the trends of predicted
LDRs with those measured. Fig. 4 illustrates such compar-
isons between the measured and predicted depths/LDRs for
the two line pairs, (T21) Ca i 10343.82/Si i 10371.26 and
(T22) Fe i 10423.03/Fe i 10347.97, as examples. In case of the
pair (T21) which consists of Ca i and Si i lines, the LDR–Teff
relations of giants and supergiants are close to each other,
but that of dwarfs shows a clear offset. The depth of the
Si i line is sensitive to log g, while that of the Ca i line shows
almost no sensitivity. This difference in the sensitivity to the
gravity leads to the offset of the LDRs. These trends are con-
sistent with the theoretical curves predicted with MOOG.
We note that there are systematic offsets between the the-
oretical curves and the observational points, probably due
to the errors in oscillator strengths, but the trends in Fig. 4
are consistent. In contrast, the two lines of the pair (T22)
Fe i 10423.03/Fe i 10347.97 are both Fe i and the sensitiv-
ity of their depths to log g is predicted to be similar. The
∆ log LDR is negligible except at the lowest temperatures,
Teff < 4000 K, and no gravity effect on the LDR was con-
firmed in our measurements.
To explain the gravity effect on the LDRs, in particular
the trends seen in Fig. 3, we consider how the line depths
vary with log g based on a simple theoretical discussion. Gray
(2005) explains the effect of log g on the line depths as fol-
lows. The depth of a weak line is given as
d =
Fc − Fν
Fc
∝ lν
κν
(1)
where Fc and Fν are the flux at the continuum level and
the flux at the centre of the line, lν is the line absorption
coefficient, and κν is the continuum absorption coefficient.
The absorption coefficients and log g are connected through
the relation between Pe and log g, log Pe ≈ n log g, where the
coefficient n is larger than 0 but varies with temperature.
The dependencies of lν and κν on the electron pressure, Pe,
vary with the temperature at the line formation region. We
note that all the lines adopted in T18 are neutral lines. In
the low temperature range where most of the atoms are in
the neutral state (case L1), lν for the neutral line is insen-
sitive to Pe. In contrast, lν ∝ Pe in the high-temperature
range where most of the atoms are in the single ionization
state (case L2). For example, where Fe i lines are concerned,
neutral Fe atoms are dominant in the line formation region
in the L1 case, but Fe+ ions are dominant in the L2 case.
MNRAS 000, 1–12 (2020)
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Table 4. The offsets, ∆ log LDR, between the LDR-Teff relations of the dwarf–supergiant (ds), dwarf–giant (dg), and giant–supergiant
(gs) pairs. The 60 line pairs without significant line blend (see text) are considered here. The offsets were measured at Teff = 5000 K for
the ds and dg pairs or at 4500 K for the gs pair. For each line pair, the ID is adopted from T18, and ∆χ indicates the difference of the
ionization potentials. The full table is available as Supporting Information.
ID Xlow Xhigh ∆χ (eV) ∆ log LDRds ∆ log LDRdg ∆ log LDRgs
(T1) Ti i Fe i -1.07 – – 0.05 ± 0.10
(T5) Fe i Fe i 0.00 0.08 ± 0.05 0.02 ± 0.05 0.01 ± 0.03
(T9) Ti i Fe i -1.07 0.31 ± 0.03 0.32 ± 0.03 0.04 ± 0.03
(T10) Ti i Si i -1.32 0.65 ± 0.06 0.49 ± 0.06 0.18 ± 0.04
(T11) Ti i Fe i -1.07 – – −0.07 ± 0.10
(T12) Fe i Fe i 0.00 −0.14 ± 0.03 −0.21 ± 0.02 −0.02 ± 0.03
(T13) Fe i Ni i 0.26 0.07 ± 0.02 0.03 ± 0.02 −0.05 ± 0.03
(T15) Ca i Fe i -1.79 0.19 ± 0.06 0.25 ± 0.04 −0.09 ± 0.08
(T16) Fe i Si i -0.25 0.13 ± 0.02 0.07 ± 0.02 −0.00 ± 0.02
(T19) Fe i Fe i 0.00 −0.10 ± 0.02 −0.07 ± 0.02 −0.04 ± 0.03
On the other hand, κν is proportional to Pe where negative
Hydrogen (H−) dominates the continuum absorption in the
low-temperature range (case C1), whereas κν is insensitive
to Pe where neutral Hydrogen (H) dominates in the high-
temperature range (case C2).
Combining the different cases of the line and continuum
absorption coefficients, the following three situations may
appear for our target lines at Teff around the range of 3500–
8000 K:
(i) L1–C1: log lν ≈ constant and log κν ≈ nlog g, leading to
log d ≈ −nlog g
(ii) L2–C1: log lν ≈ nlog g and log κν ≈ nlog g, leading to
log d ≈ constant
(iii) L2–C2: log lν ≈ nlog g and log κν ≈ constant, leading to
log d ≈ nlog g
For some of the elements we consider, most atoms are
neutral in cool stars, but get ionized at high effective temper-
atures. No metals relevant here remain neutral-dominated at
Teff > 7000 K. The main source of the continuum absorption
changes from H− to H at Teff around 7000 K; therefore we
do not expect the presence of the L1–C2 case. As a result,
the L–C cases, i.e., the sensitivity of the line depth to log g
as listed above, changes from L1–C1 to L2–C1 and further
to the L2–C2 case with increasing Teff if most of the atoms
are neutral in the lowest Teff . If the atoms in the atmosphere
are ionized even at Teff ≈ 3500 K, the L1–C1 case does not
appear. We note that the maximum Teff in our sample is
6202 K, and thus no line is expected to be in the L2–C2 case
within the range of our observational data. If the low-EP
line is in the L2–C1 case and the high-EP line is in the L1–
C1 case, log LDR = log dlow − log dhigh ≈ nlog g, but log LDR
does not depend on log g if both the lines are in the L2–C1
case.
Let us consider the ionization degree Rion = N1/(N0 +
N1), where N0 and N1 indicate the densities of the neutral
and singly-ionized atoms and the higher ionization states
are not taken into account. This degree is given by the Saha
ionization equation,
N1
N0
=
(2pime)3/2(kT)5/2
h3
2u1(T)
u0(T)
e−χ/kT
Pe
, (2)
with the temperature T , the ratios of the partition functions
u1(T )
u0(T ) , the electron pressure Pe, and the ionization potential
χ, while pi, me, k, and h are the constants in the usual nota-
tion (see Gray 2005). We calculated the Rion index of each
line in case of the stellar atmosphere for Teff = 5000 K and
log g = 4.0 dex based on the temperature and electron pres-
sure in the line forming region given by MOOG. The Rion
of the Na, Ca, Cr, Ti, and Mg lines at Teff = 5000 K and
log g = 4.0 are around 0.9 (mostly ionized), while those of
Al, Mn, Ni, Co, Fe, and Si are smaller than 0.8 (not fully
ionized) and decrease as χ increases except for Al. These two
groups of elements, the group (a) such as Ca having lower χ
and the group (b) such as Fe having higher χ, can be sepa-
rated by an ionization potential of 7.5 eV except for Mg and
Al. The χ of Mg is 7.6 eV, but its Rion is close to 1 because
its ratio of the partition functions is very large (≈ 300) at
Teff = 5000 K. The χ of Al, in contrast, is 6.1 eV, whereas
its Rion is around 0.3 since its ratio of partition function is
small (around 0.001). For other elements, their ratios of the
partition functions are close to 1.
Then, the L–C cases of the lines in the group (a) change
from L1–C1 to L2–C1 as Teff increases, and the lines in the
group (b) remain in the L2–C1 case in the Teff range we
consider. When a line pair consists of one line from the group
(a) and another one from the group (b), it tends to have a
large ∆χ and a large log g effect (i.e., a large ∆ log LDR value).
On the contrary, if both lines of a line pair are included in the
same group, both ∆χ and the log g effect tend to be small.
Furthermore, Rion becomes larger as log g decrease according
to the Saha ionization equation since log Pe ≈ nlog g. The
Rion of all the elements in giants and supergiants are closer
to 1 compared to those in case of dwarfs; thus the log g effect
between giants and supergiants is smaller than that between
dwarfs and giants or supergiants.
The gravity effects on the line depths and on the
LDR are consistent with the theoretical expectation de-
scribed above, e.g., for the line pairs (T21) Ca i 10343.82/Si i
10371.26 and (T22) Fe i 10423.03/Fe i 10347.97 as illustrated
in Fig. 4. The Ca i line is insensitive to log g (case L2–C1)
across the Teff range in consideration. For the Si i and Fe i
lines, the log d sensitivity to log g is negative between 3500
and 5500 K (case L1–C1), but almost negligible at Teff higher
than 5500 K (case L2–C1). Thus the difference in the line-
depth sensitivity to log g following the ionization of the ele-
ments leads to the gravity effect on the line pair (T21) Ca i
10343.82/Si i 10371.26, and other line pairs that show the
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Figure 3. The ∆ log LDR between (a) dwarf–supergiant, (b)
dwarf–giant, and (c) gian–supergiant plotted against ∆χ.
systematic shifts of the LDR relations. For the line pairs
with no significant shift, the situation is similar to the line
pair (T22) Fe i 10423.03/Fe i 10347.97, where the sensitivity
of the two lines in each line pair to log g cancel out.
The gravity effect is not strong enough to be signifi-
cant inside each luminosity class. For example, Biazzo et al.
(2007) reported the gravity effect considering the sample
of dwarfs and giants with a range of luminosity (or sur-
face gravity). Their figure 5 suggests that the effect on LDR
is as small as ±0.025 for dwarfs in the range of −0.35 <
log L/LZAMS < 0.8, where LZAMS indicates the luminosity
of zero-age main sequence, and it corresponds to ±45 K
or smaller considering the slopes of LDR–Teff relations, at
Teff = 5000 K, according to table 3 in Biazzo et al. (2007).
The expected effect is thus significantly smaller than the
scatter of the LDR–Teff relations we obtained. In addition,
we calculated the ∆ log LDR values of the T18 line pairs in
Teff = 4500 K for dwarfs (between log g = 4.0 and 4.5 dex)
and supergiants (between log g = 1.0 and 2.0 dex) using syn-
thetic spectra. The mean ∆ log LDR value is ±0.02, similar in
both groups, leading to the gravity effect of ±40 K or smaller
in Teff . It is again smaller than the scatter of the LDR–Teff
relations. To minimize the gravity effect on Teff based on the
LDR method and keep the form of LDR–Teff relation simple,
we consider the LDR–Teff relations calibrated separately for
dwarfs and supergiants in Section 4, but it is unnecessary to
add gravity-dependent terms to the relations for each lumi-
nosity class.
3.2 The gravity effect seen in blended LDRs
There are 21 line pairs with at least one line blended by
other line(s) significantly at Teff = 4500 and/or 5000 K. If
the target line is blended by a line with no or little gravity
effect, the gravity effect on the composite absorption tends
to be similar or smaller compared to the effect on the target
line itself. On the contrary, if the blending line is sensitive to
the gravity, the total gravity effect is different from that of
the target line. We created the synthetic spectra using the
target line blended with atomic or molecular lines with the
stellar parameters Teff = 4000 and 5000 K, and log g = 1.0,
2.0, 3.0, and 4.0 dex. The target lines are mainly blended
by atomic lines at Teff = 5000 K, while the molecular CN
and CH lines become strong at Teff = 4000 K. The blending
lines of the line pairs (T2), (T3), (T8), (T25), (T35), (T45),
(T49), (T50), and (T78) are not sensitive to the gravity,
and thus the gravity effects on these line pairs are mainly
from the target lines themselves. The blending lines for the
other line pairs are sensitive to the gravity, and thus the
sensitivity of the blending lines tend to be more important.
If the blending line is atomic (whether neutral or ionic), the
gravity effect can be understood by considering the three L–
C cases, (i) to (iii), discussed in Section 3.1 for the blending
line together with the LDR line pair. Ionic lines, incidentally,
is in the L1–C1 case throughout the Teff range we consider.
To characterise the behaviour of molecular lines, we explored
the trends of CH, CN, and CO lines in synthetic spectra
and found that they get stronger with decreasing log g at
Teff < 4750 K where the contamination of molecular lines
becomes significant. The trends for CN and CO lines are
consistent with some previous results, e.g., Kleinmann &
Hall (1986); Lanc¸on et al. (2007). This behaviour is similar
to that of an atomic line in the L1–C1 case discussed above
and thus lead to the gravity effect accordingly.
It is worthwhile to note that the blending has another
side effect on the LDR–Teff relations: the sensitivity to spec-
tral resolution. We tested how changing the resolution shifts,
or not, the relations using synthetic spectra. The relations of
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Figure 4. Teff plots against LDRs (log LDR) and line depths (log d) for our sample stars (points) and synthetic spectra (dashed curves)
for the line pairs (T21) Ca i 10343.82/Si i 10371.26 and (T22) Fe i 10423.03/Fe i 10347.97. The model line depth or LDR at log g = 1.5
(red curve, for supergiant), 2.5 (orange curve, for giant) and 4.5 (blue curve, for dwarf) are illustrated in each panel.
line pairs with no blending are independent of the resolution
as expected, since the changes in the depths of low- and high-
EP lines cancel each other. However, when the blending into
the LDR lines are significant (especially if larger than 30% in
depth), the relations are subject to offsets caused by chang-
ing the spectral resolution. When blended, the line depth
tends to be relatively larger with decreasing the resolution
because the contribution of the blending line(s) gets larger.
Thus, for example, the LDR with the low-EP line more
blended becomes larger with decreasing resolution. Char-
acterising the effects of the blending which depend on the
separation between the target line and contaminating lines
and the ratio of their strengths is not simple. It is therefore
desirable to calibrate the LDR–Teff relations, again, for dif-
ferent spectrographs providing different spectral resolutions.
4 LDR–Teff RELATIONS IN Y J-BAND FOR
DWARFS AND SUPERGIANTS
The surface gravity not only gives offsets to some LDRs.
Useful sets of lines with significant depths also change with
the surface gravity even for the same range of Teff . There-
fore, we decided to search for new line pairs that are useful
for dwarfs and supergiants and calibrate their LDR–Teff re-
lations. Some lines used in T18 may be included in our new
line pairs, but they do not necessary appear in the same line
pairs as those in T18.
A set of relatively isolated spectral lines were identified
and selected as follows. We first selected the absorption fea-
tures whose depths are smaller than 0.5 in all the observed
spectra in each group of dwarfs and supergiants. The lines
with depth larger than 0.5 may be strongly influenced by
various parameters such as damping constants (Kovtyukh
et al. 2006a), and thus they were excluded. Then, to iden-
tify individual absorption lines, we used the model spec-
tra synthesised with the typical parameters for each group:
Teff = 5500 K, log g = 4.5 dex, and [Fe/H] = 0.0 dex for dwarfs,
and Teff = 5500 K, log g = 2.0 dex, and [Fe/H] = 0.0 dex for
supergiants. All the lines in the VALD3 line list around the
wavelength of each selected feature were included in the
synthetic spectra, and the atomic line that has the largest
contribution to the feature was identified. We did not con-
sider ion lines and atomic lines of C, N, or O as candidates
for LDRs, because those lines are expected to depend very
strongly on log g (see, e.g., section 2 of Kovtyukh et al. 2003
and section 3 of Kovtyukh 2007). We also rejected lines with
the ratio d−syn/dsyn (defined in Section 3) larger than 0.3.
Thus, 150 (for dwarfs) and 223 (for supergiants) lines were
selected to be used for the line pair selection in the next
step.
We followed a procedure of the line pair selection similar
to the one described in section 3.3 of T18 to find a set of
line pairs that gives precise temperatures through tight LDR
relations. We considered the combinations of the line pairs
that meet the following criteria: (1) Each line is used for
up to one line pair only. (2) The two lines of each pair are
included within the same order, and the difference in EP of
the two lines should be larger than 1 eV. (3) The line pair
candidates are fitted by the linear relation Teff = a log LDR+
b, and every selected relation must have a negative slope
(a < 0), the residual smaller than 150 K, and 10 or more stars
useful for the fitting. During this step, all the LDRs for which
we accepted the depths of both lines (see Section 2.3) were
used for the fitting. In order to take together into account
the errors in both the LDRs and those in the reference Teff ,
we performed the Orthogonal Distance Regression (Boggs
& Rogers 1989). Then, for each set of line pairs, Mk , the
evaluation function defined as E(Mk ; e) = ET (Mk ) + eEλ(Mk )
was calculated and used to evaluate the goodness of the
line pair set. The evaluation function consists of two parts:
ET (Mk ) is the standard deviation of the difference between
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Table 5. Numbers of the selected line pairs in individual or-
der, whose wavelength ranges λmin < λ < λmax, for dwarfs,
giants (adopted from T18), and supergiants. The wavelength
range of each order is from WINERED website (http://merlot.
kyoto-su.ac.jp/LIH/WINERED).
Order λmin λmax Npair
(µm) (µm) dwarf giant supergiant
57 0.976 0.992 3 1 4
56 0.992 1.010 1 10 6
55 1.010 1.028 2 4 4
54 1.028 1.048 5 10 10
53 1.048 1.068 7 8 8
52 1.068 1.089 7 14 13
48 1.156 1.180 2 3 1
47 1.180 1.205 2 3 1
46 1.205 1.232 0 4 3
45 1.232 1.260 3 5 7
44 1.260 1.290 0 7 6
43 1.290 1.319 5 12 8
Total 0.976 1.319 37 81 71
the weighted mean Teff determined by the linear functions
and the reference Teff , while Eλ(Mk ) is the root mean square
of the wavelength separation of the paired lines (see, also, the
definitions in T18). The coefficient e controls the tolerance
of the wavelength separation, and different sets of line pairs
may be chosen with different e values. We adopted e = 0.5
from T18 and selected the line pair set that gives the smallest
E(Mk ; e) value.
Some of the relations after the line pair selection show
deviation from the linear correlation toward the high or low
temperature end, and we excluded the non-linear trends by
limiting the range of log LDR. Although Jian et al. (2019)
used higher-order functions, only ∼ 15 stars are available for
calibrating each LDR–Teff relation in this work, and limit-
ing the log LDR ranges allows more robust estimates of Teff
of individual objects. We also note that the number of our
relations is large enough to give at least 18 useful LDRs for
each star even if some LDRs are outside the range to be
accepted, while Jian et al. (2019) considered only 11 LDR
relations from H-band spectra in total. Finally, 38 line pairs
for dwarfs and 69 line pairs for supergiants were selected
and fitted by the linear relation. Among the 162 lines (of 81
pairs) used in T18, 45 and 84 lines for dwarfs and super-
giants, respectively, are included in the sets of line pairs we
selected, but only 7 and 8 line pairs are common with those
selected for giants in T18. Table 5 summarises the wave-
length range of each order and the numbers of the line pairs
as well as those in T18 for comparison, while Table 6 and
7 list the line pairs and their LDR–Teff relations for dwarfs
and supergiants respectively. The ID of these line pairs for
dwarfs and supergiants are prefixed by ‘D’ or ‘S’ respec-
tively. The coefficients and residual around the fit are listed
together with the number of the data points and the log LDR
range used for obtaining each relation in these tables. The
parameters of the LDR-Teff relations in Table 6 and 7 are
obtained with only LDRs within the given log LDR ranges,
whereas Fig. 5 plots the data points including those outside
the log LDR ranges.
The residual around each LDR–Teff relation ranges from
60 to 150 K, which is similar to those in T18 for both dwarfs
and supergiants. The final temperature derived with our
LDR relations for each star, TLDR, is the weighted mean of
the temperatures, TLDRi , calculated with all the individual
LDR–Teff relations for which the LDRs were measured and
within the log LDR ranges given in Table 6 or 7. The weight,
wi , is calculated by wi = 1/e2TLDR i where eTLDR i is the error
of TLDRi . The error of TLDR, eTLDR , is calculated through the
standard error of weighted mean,
eTLDR =
√
1
Npair
∑
wi(TLDRi − TLDR)2
V1 − V2/V1
, (3)
where V1 =
∑
wi , V2 =
∑
w2i , and Npair is the number of
available line pairs. To compare our temperature scale with
the ones in Kovtyukh et al. (2003, 2006a,b) and Kovtyukh
(2007), we compare TLDR with the catalogue temperatures,
TKOV, in Fig. 6. The differences, TLDR − TKOV, are entirely
within ± 100 K, and there is almost no trend between the
differences and stellar parameters. The eTLDR are 10–30 K for
both dwarfs and supergiants as shown in Fig. 7. Some dwarfs
tend to have larger eTLDR because the numbers of line pairs
are is smaller in many cases. The errors for supergiants are
similar to those in T18 for giants (around 14 K on average)
in the Teff range between 4000 and 5500 K, while those in
the higher Teff range are slightly larger since Npair is small.
We also compare the performance of our new line pairs
with that of the T18 line pairs for dwarfs and supergiants.
For dwarfs, only 18 line pairs from T18 satisfy the criteria
of our line pair selection, and they only cover the Teff range
from 4700 to 6000 K. Although the TLDR−TKOV values found
with the T18 set are similar to those plotted in Fig. 6, the
average eTLDR , 32 K, is slightly larger than that from our new
set of line pairs for dwarfs. For supergiants, only 24 line pairs
from T18 are useful, and the resultant TLDR − TKOV values
show larger scatter and deviate from 0 towards the high
temperature end. The average eTLDR , 42 K, is also larger than
the average eTLDR found with our new set for supergiants.
Fig. 7 compares the eTLDR values for dwarfs and supergiants
derived with the T18 line pairs and those derived with our
new line pairs. For both dwarfs and supergiants, the eTLDR
with our line pairs are clearly smaller than those with the
T18 line pairs.
Finally, we estimate the effect of abundance ratio
([Xlow/Xhigh]) on the calibration of LDR–Teff relations and
TLDR. Among the targets, there are 19 dwarfs and 12 su-
pergiants having the abundance ratios measured by Luck
(2014, 2017). No clear trend is seen between metallicity and
the abundance ratios relevant to our line pairs and we merely
find that the scatter in [Xlow/Xhigh] is around ±0.05 dex for
dwarfs and ±0.1 dex for supergiants in most cases, within
the metallicity range we discuss, −0.2 < [Fe/H] < 0.2 dex.
The larger scatter for supergiants may well be attributed to
the measurement errors rather than the true scatter. The
scatter for [Na/Fe] and [Mg/Fe] for supergiants are larger,
±0.15 dex, but their impacts on our analysis are expected
to be relatively small because only 2 Na and 7 Mg lines
are included in our line pairs for supergiants. The change
of 0.05 dex in [Xlow/Xhigh] would correspond to the change
of 0.05 in log LDR if the two lines are within the linear re-
gion. However, many lines used in this work are saturated at
around the solar metallicity, and the changes in log LDR are
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Table 6. First 10 line pairs in the line pair set of our dwarf LDR–Teff relations. Listed for each line pair are the information of low-
and high-EP lines (species, air wavelength λ, and excitation potential EP taken from VALD3) as well as the coefficients (slope a and
intercept b), the residual of the fitted relation (σ), the number of stars (N), and the log LDR range used for calibrating the relation. The
full list of the 38 line pairs is available as Supporting Information.
Low-excitation Line High-excitation Line LDR–Teff relation
ID order Xlow λ (A˚) EP(eV) Xhigh λ (A˚) EP(eV) a b σ (K) N log LDR range
(D1) 57 Ti i 9770.301 0.8484 Fe i 9861.734 5.0638 -2347 5201 116 13 [−0.39:0.49]
(D2) 57 Ti i 9787.687 0.8259 Si i 9887.047 6.2227 -1808 6189 134 12 [0.08:0.86]
(D3) 56 Ti i 10034.491 1.4601 Si i 10068.329 6.0986 -859 5268 59 12 [−0.85:0.59]
(D4) 54 Fe i 10340.885 2.1979 Fe i 10469.652 3.8835 -6356 4256 111 18 [−0.29:0.02]
(D5) 54 Ca i 10343.819 2.9325 Si i 10371.263 4.9296 -3634 5615 73 20 [−0.09:0.52]
(D6) 54 Fe i 10395.794 2.1759 Si i 10407.037 6.6161 -1811 6258 61 16 [0.09:1.03]
(D7) 54 Ti i 10396.802 0.8484 Ni i 10330.228 4.1054 -1660 5733 76 20 [−0.24:0.90]
(D8) 54 Fe i 10423.027 2.6924 Fe i 10347.965 5.3933 -2802 5360 121 18 [−0.33:0.20]
(D9) 54 Fe i 10423.743 3.0713 Si i 10288.944 4.9201 -2483 4817 127 19 [−0.54:0.29]
(D10) 53 Cr i 10486.250 3.0106 Si i 10603.425 4.9296 -2364 4043 130 15 [−0.87:−0.08]
Table 7. Same as Table 6 but for supergiants. The full list of the 69 line pairs is available as Supporting Information.
Low-excitation Line High-excitation Line LDR–Teff relation
ID order Xlow λ (A˚) EP(eV) Xhigh λ (A˚) EP(eV) a b σ (K) N log LDR range
(S1) 57 Ti i 9783.311 0.8360 Fe i 9861.734 5.0638 -3189 5257 83 13 [−0.23:0.44]
(S2) 57 Ti i 9787.687 0.8259 Fe i 9868.186 5.0856 -2993 5638 104 17 [−0.13:0.65]
(S3) 57 Ti i 9879.583 1.8732 Fe i 9811.504 5.0117 -862 4003 114 12 [−1.55:0.33]
(S4) 56 Ti i 9927.351 1.8792 Fe i 9980.463 5.0331 -2022 4887 126 13 [−0.37:0.49]
(S5) 56 Fe i 9944.207 5.0117 Si i 10068.329 6.0986 -3033 5236 120 17 [−0.44:0.44]
(S6) 56 Fe i 9987.868 2.1759 Mg i 9986.475 5.9320 -2614 3967 100 14 [−0.93:0.01]
(S7) 56 Ti i 10011.744 2.1535 Na i 9961.256 3.6170 -3063 4403 87 11 [−0.36:0.23]
(S8) 56 Ti i 10059.904 1.4298 Fe i 10041.472 5.0117 -1161 4695 77 14 [−0.79:0.60]
(S9) 56 Fe i 10081.393 2.4242 Mg i 9993.209 5.9328 -2182 4207 87 14 [−0.58:0.09]
(S10) 55 Fe i 10155.162 2.1759 Ni i 10193.224 4.0893 -2705 4535 123 16 [−0.47:0.29]
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Figure 5. Examples of the LDR–Teff relations for dwarfs and supergiants. The IDs of the line pairs (given in Table 6 and 7) are labelled
in the upper-right corner. The vertical dashed lines indicate the log LDR range of each relation. Similar plots for all the line pairs are
available as Supporting Information.
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pairs and our new line pairs plotted against Teff and Npair for
dwarfs and supergiants.
thereby smaller, around ±0.025, corresponding to roughly
±50 K in the changes, or systematic errors, of Teff . Thus, we
expect that the effect of abundance ratio contributes to the
residual of each relation in an amount of around 50 K if the
scatter in [Xlow/Xhigh] of the calibrating sample is 0.05 dex.
This effect may also bias the TLDR by at most 50 K, if all
the [Xlow/Xhigh] values of a given star are higher or lower
than the solar by 0.05 dex. Considering this effect, combin-
ing low- and high-EP lines of the same element certainly
has an advantage, and such line pairs are also insensitive to
the gravity effect according to our conclusion in Section 3.
However, there are not so many such line pairs that show
tight LDR–Teff relations. Including line pairs of different ele-
ments, as done by us and many studies, increases the useful
line pairs leading to the higher precision for stars with a lim-
ited range of abundances. In practice, the effects of different
LDRs tend to cancel each other out to some extent (see, e.g.,
the TLDR for Arcturus discussed in section 4 of T18).
5 SUMMARY
We discussed the gravity effect on the LDR–Teff relations in
the infrared Y J-band using 63 stars including dwarfs, giants,
and supergiants. Considering the line pairs selected in T18,
some of the LDR–Teff relations of dwarfs are clearly shifted
compared to the relations of giants and supergiants. The
pairs with line(s) affected by line blends tend to be sensi-
tive to the surface gravity, but the gravity effect exists even
without the blends. We found that the difference between
the ionization potentials of the elements involved in each
line pair leads to different reactions of the line depths to
log g and thus introduces the gravity effect.
To minimize the impact of the gravity effect and to in-
crease the precision of the Teff derived with LDRs, we consid-
ered the relations calibrated separately for different luminos-
ity classes. We constructed new sets of LDR–Teff relations for
dwarfs and supergiants using the lines selected for individual
groups. The residual around each relation ranges from 60 to
150 K, and the final TLDR errors are around 20 K. Combined
with the relations for giants in T18, which are well consis-
tent with our measurements, it is possible to determine Teff
for solar-metallicity dwarfs, giants, and supergiants precisely
using the LDR method applied to Y J-band spectra. The Teff
ranges that are covered by the available LDR–Teff relations
in the Y J–bands are limited: 4500–6000 K for dwarfs, 4000–
5000 K for giants, and 4000–6000 K for supergiants. More
efforts are needed to extend the Teff ranges to cover and also
to improve the relations with a larger number of calibrating
stars.
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Table 7. The line pairs and the LDR–Teff relations,
newly selected in this work, for supergiants.
LP all dwarf.pdf, LDR–Teff relations of all the line
pairs, supplementing Fig. 5, for dwarfs.
LP all supergiant.pdf, LDR–Teff relation plot of all
the line pairs, supplementing Fig. 5, for supergiants.
ir ldr-0.2.0.tar.gz, The python package to measure
line depths and LDRs and to calculate the temperatures,
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